This paper aims to estimate the impacts of pedestrians on capacity and average control delay for the major street through traffic at two-way stop-controlled (TWSC) intersections. A procedure was proposed to estimate the expected delay for major street through vehicles based on the pedestrian arrival time and motorist yielding behavior. Field data were collected to calibrate the crucial parameters in the established models. The proposed models were then validated against field measured data. It was found that the calibrated models provided reasonable delay estimates. Based on the established models, sensitivity analyses were conducted to identify the effects of pedestrian arrival rate and motorist yield rate on the capacity of the major street through lanes at TWSC intersections. The results suggested that the capacity of the through movement would decrease with an increase in the pedestrian arrival rate. It was also found that, with the same pedestrian arrival rate, the capacity would decrease as the motorist yield rate became higher, and the magnitude of the capacity reduction would increase with an increase in the pedestrian arrival rate.
Background
The current edition of the Highway Capacity Manual (HCM) proposes a procedure for estimating the capacity and delay for various traffic movements at two-way stop-controlled (TWSC) intersections. The HCM capacity estimation method assumes that a traffic movement with a lower priority yields to the right-of-way of higher order movements. Accordingly, each traffic movement at a TWSC intersection is assigned a specific ranking in a priority hierarchy. The through traffic on the major street is considered the rank 1 movement which has the absolute priority. That is, all other movements with lower ranks have to yield to the major street through traffic. Given this assumption, the capacity of a through traffic lane on the major street at a TWSC intersection is estimated as the saturation flow rate, and the delay to through vehicles is usually considered zero [1].
The major street through traffic is in conflict with the pedestrian movements crossing the major street at TWSC intersections. In the HCM, the pedestrian movement crossing the major street is defined as a rank 2 movement. Thus, the HCM method assumes that the pedestrians' crossing movement has to yield to the major street through traffic. This assumption is not so reasonable considering the fact that in many countries motorists are legally required to yield to pedestrians under most circumstances [1] . In practice, many motorists at TWSC intersections select to yield to the rightof-way of pedestrians, and the yield rate is influenced by a range of factors. A series of studies have investigated how motorists respond to pedestrians at TWSC intersections [1] [2] [3] . The actual motorist yield rate ranges from 17% to 91%. As a result, the presence of minor street pedestrian crossing movements may have impedance effects on the capacity of the major street through traffic.
Theoretically, the impedance effects of pedestrian movements on the capacity of major street through traffic are influenced by a number of factors, including vehicular and pedestrian flow rates, the length of a crosswalk, the critical headways for pedestrians crossing major streets, and motorist yield rates. Many studies have been conducted to estimate capacity and delay at stop-controlled intersections. The most commonly used methods include the probabilistic approach which is based on gap acceptance and major road headway distribution, as well as the deterministic approach which is based on empirical data [4] [5] [6] [7] . Specifically, several studies have estimated the capacity of vehicular movements that are influenced by pedestrians [8] [9] [10] [11] [12] [13] . HCM presented a method to calculate the average pedestrian occupancy at the conflict zone at signalized intersections when the pedestrian flow rate during the pedestrian service time was 1,000 p/h or less. The average pedestrian occupancy was then used to determine the capacity adjustment factor for the vehicular movement [1]. Viney and Pretty presented a method to estimate the saturation flow of a stream of turning vehicles at a signalized intersection when the stream was required to give way to a two-way stream of pedestrians. The green period for vehicles was divided into five intervals; in the first and third intervals, pedestrian platoons blocked the vehicles so there was no flow, in the second and fourth intervals, vehicles accepted gaps in the pedestrian stream, and in the final period the pedestrian flow had ceased so vehicles were unopposed. The capacity in a cycle could therefore be calculated and, when divided by the green time, the saturation flow was obtained [11] . A similar study was conducted by Chen et al. The capacity of right-turning movements influenced by pedestrians at signalized intersections was estimated based on the conflict-zone-occupancy approach. The results showed that pedestrians had a strong impact on the right-turn capacities at low pedestrian volumes and that the effects of additional pedestrians decrease as the pedestrian volumes increase [12] .
Although these studies provide some insights into the capacity and delay estimation for the vehicular movements, they are mostly based on the assumption that motorists have absolute priority, indicating that all the pedestrians would give way to motorists or that the pedestrians have absolute priority, indicating that all the motorists would yield to pedestrians. However, the actual yielding behaviors vary under different circumstances [14] [15] [16] , and the effect was not considered in the established models.
A more recent study conducted by Wei et al. developed an analytical model to estimate the expected vehicular delay as a function of the traffic volume, pedestrian volume, and the vehicle yielding rate for the through movement at TWSC intersections. However, the paper only considered the condition that pedestrians came from one side of the street. Actually, pedestrians would arrive on both sides of the street. Besides, all the parameters in the model were based on assumed or default values from HCM, and the results from the model were not tested using field measured data [17] .
The primary objective of the present study was to evaluate the impacts of pedestrians on the capacity and delay of major street through traffic at TWSC intersections. More specifically, the study presented in this paper focuses on the following tasks: (1) to develop a capacity and average control delay model for major street through vehicles which take into consideration the impedance effects of pedestrians; (2) to calibrate the crucial parameters in the capacity and delay models using field data; (3) to validate the established models using field data; and (4) to estimate the impacts of crucial parameters on the capacity of the major street through movement through a sensitivity analysis.
Methodology

Basic Assumptions.
Assuming that vehicles on the major street arrive randomly, the vehicle arriving pattern follows the Poisson distribution, and the vehicle headways follow the negative exponential distribution [18] . The cumulative distribution function for vehicle headways can be expressed as
where represents the vehicle arrival rate for the th lane. The probability density function can be expressed as
Let represent the vehicle arrival rate for all through lanes. It can be estimated as
where represents the number of through lanes. Assuming that the minor stream drivers consider all major stream vehicles to be identical, the traffic streams can be combined into one traffic stream [19] . The corresponding probability density function can be expressed as
For the pedestrian flow, it is also assumed that pedestrians arrive randomly on both sides of the street. For each side, the pedestrian arrival pattern follows the Poisson distribution. Thus, the probability density function for pedestrian arrival interval can be expressed as
where represents the pedestrian arrival rate.
Capacity of Major Street Through Traffic.
When the impedance effects of pedestrians are not considered, the capacity of a through lane equals the saturation flow rate. Let ℎ represent the saturation headway for the through movement (sec).
When pedestrians are present at the side of the street, some motorists may stop or decelerate to give way to pedestrians. Let represent the capacity of the exclusive through lane with the impedance effects of pedestrians (pcu/hr/ln) and let represent the average control delay experienced by motorists from through lanes on the major street when the vehicle volume reaches capacity (sec). The total lost time during each hour for motorists due to yielding to pedestrians can Mathematical Problems in Engineering 3 be calculated as ⋅ . Thus, the following equation can be obtained:
By solving this function, it can be obtained that
Average Control Delay for Major Street Through Traffic.
To estimate the average control delay experienced by motorists at the major street through lanes, the yielding situations are discomposed into two scenarios according to vehicle headway and pedestrian critical headway. The detailed description for each scenario is illustrated as follows.
Scenario 1: Expected Vehicle Delay with a Headway Larger
Than Pedestrian Critical Headway. The first scenario deals with the situation that vehicle headway is larger than pedestrian critical headway. As shown in Figure 1 , the shaded line represents the location of the crosswalk. The arrows below the line represent the arrival and departure of pedestrians coming from the left side of the street and the arrows above the line represent the arrival and departure of pedestrians coming from the right side of the street. It can be noted that the first vehicle (Veh 1) arrives at the crosswalk at time 1 and passes freely with no delay. If no pedestrian arrives during the following headway, the following vehicle (Veh 2) would pass the crosswalk at time 2 . However, due to the arrival of pedestrians during the headway, Veh 2 may decelerate or stop to yield to pedestrians. For this scenario, it is assumed that Veh 2 starts to make a yielding decision from the time of 2 − . The reason to this assumption can be explained as follows. If the pedestrian arrives during the time interval [ 1 , 2 − ], the pedestrian will have adequate time to cross the street before the arrival of Veh 2, without having to depend on yielding motorists. In this case, Veh 2 does not need to make a yielding decision and thus incurs no delay. If the pedestrian arrives during the time interval [ 2 − , 2 ], the pedestrian has to wait for the yielding behavior of Veh 2 or wait for the next headway. Veh 2 will experience delay if it decides to yield to the pedestrian. It is also assumed that only one yielding decision is made for each vehicle.
As mentioned before, pedestrians may arrive on both sides of the street. Let and represent the time interval from 2 − to the arrival of pedestrians from the left and right sides of the street, respectively. With the assumptions that the pedestrian arrival pattern follows the Poisson distribution, the probability that a pedestrian arrives at the time 2 − + equals the probability of having an arrival interval of . It can be obtained that
Similarly,
where 1 and 2 represent the pedestrian arrival rate on the left and right sides of the street, respectively. . For the three cases, the probability for Veh 2 to experience delay can be estimated as
where represents the motorist yield rate, which can be expressed as a constant for a specific site [1] . Accordingly, the expected delay experienced by Veh 2 in the three cases can be estimated as
where represents the lost time of Veh 2, which can be estimated as the time interval from the time for departure of the pedestrian to the time at which Veh 2 passes the crosswalk. . For the three cases, the probability for Veh 2 to experience delay can be estimated as
Accordingly, the expected delay experienced by Veh 2 in the three cases can be estimated as on the time of arrival for pedestrians from each side of the street, as shown in Figure 2 . The dashed arrows in the figure represent that there may be pedestrians arriving on the side of the street. Veh 1 passes the crosswalk with no delay at time 1 and there may be pedestrians waiting on the side of the street. Veh 2 starts to make a yielding decision after the departure of Veh 1. In Figure 2 (a), there are pedestrians waiting at the left side of the street at the time 1 , regardless of whether there are pedestrians waiting on the right side of the street. In Figure 2 (b), there are pedestrians waiting on the right side of the street and no pedestrians waiting on the left side of the street at the time 1 . For both cases, no pedestrian arrives at either side of the street during the time interval
In this situation, Veh 1 fails to yield to the pedestrian and the pedestrian has to wait for the yielding event from the following vehicle (Veh 2) as the critical headway is smaller than vehicle headway. As Veh 2 yields to the pedestrian, the pedestrian can cross the street and Veh 2 will incur delay due to the yielding behavior. Thus, for case (a) and case (b), the probability for Veh 2 to experience delay can be calculated as
Mathematical Problems in Engineering where = 1 + 2 ; represents the probability that there are pedestrians waiting to cross the street when a vehicle starts to make a yielding decision on condition that the vehicle headway is smaller than critical headway. The expected delay for Veh 2 for case (a) and case (b) can be estimated as . The probability for the two cases can be calculated as
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The expected delay for Veh 2 can be calculated as
Similarly, Figures 2(e) and 2(f) illustrate the situation that a pedestrian arrives at the right side of the crosswalk during the time interval [ 1 , 2 ]. In Figure 2 (e), no pedestrian from the right arrives during the time interval [ 1 , 2 ]. In Figure 2 (f), a pedestrian from the left arrives during the time interval
The probability for the two cases can be calculated as
The next step is to estimate the unknown parameter in the established models. The method used here follows that in the previous research [17] . A one-step forward interaction is carried out to calculate the probability that there are pedestrians waiting on one side of the road when Veh 1 arrives at the crosswalk. If the headway of Veh 1 is larger than the critical headway, the probability that there are pedestrians waiting when Veh 1 arrives at the crosswalk can be calculated as
where 2 represents the probability that there are more than two pedestrians arriving within the critical headway on condition that vehicle headway is larger than the critical headway. With the assumption that the vehicle only yields once, this would leave pedestrians waiting on the side of the crosswalk;
1 represents the probability that there is one pedestrian arriving within the critical headway on condition that vehicle headway is larger than the critical headway.
If the headway of Veh 1 is smaller than the critical headway, the probability of having pedestrian waiting can be estimated as
where Φ 1 represents the probability that there is at least one pedestrian arriving within the headway on condition that vehicle headway is smaller than the critical headway; 1 represents the probability that there is one pedestrian arriving within the headway on condition that vehicle headway is smaller than the critical headway. The first term indicates the situation that there are pedestrians waiting when Veh 1 starts to make a yielding decision. The second term indicates the situation that there is no pedestrian waiting when Veh 1 starts to make a yielding decision, but at least one pedestrian is left from the departure of the leading vehicle to the arrival of Veh 1, as
where Φ 2 represents the probability that there are more than two pedestrians arriving within the headway on condition that vehicle headway is smaller than the critical headway; 0 represents the probability that no pedestrian arrives within the headway on condition that vehicle headway is smaller than the critical headway.
With the Poisson arrival of the pedestrian flow, it can be obtained that
where
Therefore, 2 and Φ 2 can be calculated as
Based on the above calculation, the probability that a vehicle is experiencing delay can be estimated as
The expected vehicle delay can be estimated as
The expected vehicle delay to delayed vehicles can be estimated as
Based on these equations, it can be found that the average expected delay for major street through vehicles is determined by the following parameters: pedestrian arrival rate ( 1 , 2 ), vehicle arrival rate ( ), pedestrian critical headway ( ), lost time ( ), and motorist yield rate ( ). The pedestrian critical headway, lost time, and motorist yield rate can be estimated as constant values for a specific site. Therefore, the average delay is generally determined by the vehicle and pedestrian arrival rates. 
Data Collection
To calibrate and validate the established models, the average vehicle delay and motorist yielding behaviors were observed in the field. The research team collected traffic data at 6 approaches to 6 TWSC intersections in Berkeley, CA. The following criteria were applied in the site selection process:
(1) the selected approach should have an exclusive through lane on the major street at a TWSC intersection; (2) there were moderate numbers of pedestrians crossing major streets; (3) there were limited numbers of bicyclists; (4) lane widths should be at least 9 feet; (5) the approach grade was level; (6) the selected sites should be 250 feet away from upstream traffic signals.
Geometric characteristics of the selected sites are given in Table 1 . A video camera was set up in the field for recording traffic data. The video cameras were inconspicuously mounted to avoid altering pedestrian or motorist behaviors. Field data collection was conducted during weekday peak periods under fine weather conditions. In total, the research team recorded 3 hours of traffic data in the field. The recorded video tapes were later reviewed in the laboratory for obtaining traffic data. A reference line was marked in the video as the location where the delayed motorists generally started to decelerate, as shown in Figure 3 . The following pieces of information were collected: (1) the vehicle volume for each movement; (2) the pedestrian volume from each side of the street; (3) the exact time at which each pedestrian started crossing the street and arrived at the other side of the street; (4) the exact time at which the rear wheel of a vehicle from the through lane crossed reference line A and crosswalk B; (5) whether the through vehicle is delayed or not; and (6) whether the coming vehicle yielded to pedestrians when there were pedestrians waiting for an adequate gap to cross the street. With the recoded data, the time interval for each pedestrian to cross the street as well as the travel time for each through vehicle from A to B could be obtained. The average delay to delayed vehicles can be estimated as the difference in average travel time from A to B between delayed vehicles and nondelayed vehicles. It should be noted that only the motorists yielding to pedestrians are included as delayed vehicles. The vehicles which are impeded by leading delayed vehicles are excluded from this study. The lost time of each yielding event ( ) was calculated as the average time interval from the time at which the pedestrian reached the end of the crosswalk to the time when the rear wheel of the yielding vehicle passed the crosswalk (B).
For this study, the motorist yield rate was calculated as the ratio of the number of motorists who decelerated or stopped to yield to a pedestrian to the total number of motorists who should have decelerated or stopped, as shown in Motorist yield rate (%)
=
Number of motorists yielding to pedestrians Number of motorists who should have yielded .
The motorist yield rate was calculated for each individual pedestrian attempting to cross the street. If there was no 8 Mathematical Problems in Engineering vehicle arriving at the selected site when a pedestrian crossed the street, this crossing event was not included in the calculations, as there were no motorists who should have yielded. The motorist yield rate was calculated for each site and the results were used in further analyses. For each site, the critical headway for a pedestrian to cross the street is also estimated in the field. As there is no pedestrian platooning, the critical headway for a single pedestrian is computed using the following equation:
where represents the critical headway for a single pedestrian (sec); is the average time for pedestrians to pass the crosswalk (sec); and is the pedestrian start-up time and end clearance time (3 sec). It should be noted that when a raised pedestrian-median refuge island is available, pedestrians typically cross in two stages [1] . Thus, is estimated as the average time for pedestrians to cross half of the crosswalk.
Model Calibration and Validation
As mentioned before, the average delay of through vehicles impeded by pedestrians is determined by the following parameters: pedestrian arrival rate ( 1 , 2 ), vehicle arrival rate ( ), pedestrian critical headway ( ), lost time ( ), and motorist yield rate ( ). Based on the field measured data, the results of the crucial parameters are summarized in Table 2 .
As shown in Table 2 , the motorist yield rate was different for each site, which ranges from 0.72 to 0.92. The means and ranges of lost time were also summarized in Table 2 . The negative values indicate that the yielding vehicle passed the crosswalk before the pedestrian reaches the end of the crosswalk. For each site, the expected delay to delayed vehicles was calculated based on the proposed models using Matlab.
The estimated delay obtained from the established models was also compared to field measured results. The mean absolute percent error (MAPE) was used to measure the differences between the estimated delay and the field measured results. The MAPE value can be calculated using the following equation:
where MAPE represents the mean absolute percent error between the estimated and the field measured delay; represents the number of sites; represents the average expected delay for site which is estimated by using the established model (sec/pcu); is the field measured delay for site (sec/pcu).
The results for Site 1 to Site 3 are summarized in Table 3 . As shown in the table, represents the observed travel time for delayed vehicles (sec); represents the observed travel time for nondelayed vehicles (sec); Observed represents the observed average control delay (sec). Observed was calculated as the difference between the travel time for delayed vehicles and that for nondelayed vehicles. The delay model developed in this study yielded a MAPE value of 10.86% as compared with the field measured delay.
The model was tested with some different sites (Site 4 to Site 6). The estimated capacity was used to validate the model, as shown in Table 4 . The capacity calculated using the proposed model ( Estimated ) was also compared with the capacity estimated using the HCM method ( HCM ) [1], which is based on the saturation flow rate theory. The results indicated that the proposed model provided better capacity estimates for the through traffic, as compared with that used by HCM. Observed represents the observed delay for all vehicles. c APE 1 represents the APE between the estimated capacity using the proposed method and capacity calculated using the observed data. d APE 2 represents the APE between the estimated capacity using the HCM method and capacity calculated using the observed data. 
Sensitivity Analysis
With the established delay model, the capacity of a major street through movement can be obtained using (7) . Sensitivity analyses were further conducted to identify the effects of crucial parameters on the capacity of the exclusive through lanes at TWSC intersections. The parameters considered in the sensitivity analyses include pedestrian arrival rate ( 1 , 2 ) and motorist yield rate ( ).
Assuming that the pedestrian critical headway ( ) is 10 sec, the lost time ( ) is 2 sec, and the saturation headway (ℎ ) is 2 sec, the effect of pedestrians on the capacity of major street through lanes at TWSC intersections is illustrated in Figure 4 . The curves in Figure 4 show that the capacity of the through movement decreases with an increase in the pedestrian arrival rate. This finding is reasonable as the more pedestrians arrive at the crosswalk, the more impendence effects will be caused to motorists. The motorist yield rate is also a factor that affects the capacity of through lanes at TWSC intersections. As shown in Figure 4 , the capacities of the through movements with different motorist yield rates are generally comparable under low pedestrian volume conditions. However, with the same pedestrian arrival rate, the capacity decreases as the motorist yield rate becomes higher, and the magnitude of the capacity reduction increases with an increase in the pedestrian arrival rate.
Conclusions and Discussions
The study evaluated the impacts of pedestrians on capacity and average control delay for the major street through movement at TWSC intersections. A procedure was proposed to estimate the expected delay for major street through vehicles based on the pedestrian arrival time and motorist yielding behavior. Field data were collected to calibrate the crucial parameters in the established models, including pedestrian arrival rate ( 1 , 2 ), vehicle arrival rate ( ), average time for pedestrians to cross the street ( ), lost time ( ), and motorist yield rate ( ). The proposed models were then validated against field measured data. It was found that the calibrated models provided reasonable delay estimates.
Based on the established capacity and delay models, sensitivity analyses were conducted to identify the effects of crucial parameters on the capacity of the exclusive through lanes at TWSC intersections. The results suggested that the capacity of the through movement would decrease with an increase in the pedestrian arrival rate. It was also found that, with the same pedestrian arrival rate, the capacity would decrease as the motorist yield rate became higher, and the magnitude of the capacity reduction would increase with an increase in the pedestrian arrival rate.
The capacity and delay models developed in this study can be directly used for estimating the capacity and delay for the major street through movements at TWSC intersections, which can be a supplement to the capacity estimation method for TWSC intersections provided in HCM [1] . One of the limitations in this study lies in that the expected delay estimated using the proposed model only accounts for the delay experienced by motorists who yield to the pedestrians. However, the delay experienced by the following motorists who have to decelerate due to the delayed leading vehicles was not calculated in this study. Further research needs to be conducted to obtain more accurate results. Besides, this study used a constant motorist yield rate for each site. Actually, there are many factors that would affect the motorist responses to pedestrians, such as the travel speeds and pedestrians crossing treatments. Further research is still needed to better understand those factors affecting the motorist yielding behaviors. Additional studies are also needed to test for the transferability of the capacity and delay models using data collected from other sites in other cities. The authors recommend that future studies focus on these issues.
